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INTRODUCTION
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To meet the goals of multi-hundred-kilowatt space power systems planned for
the middle and late 1980s, advanced power processing technology is required to
convert the power available from solar arrays or other space-borne power sources
to the various voltage and/or current levels required by the spacecraft loads.
This technology can be built on the series resonant conversion technology that
has been brought to a high state of development with the use of thyristors as the
basic switching element. However, new technology is needed to increase the power
level and improve the performance. The use of transistors in place of the
thyristors promises to meet both of these goals. Although present thyristors
offer higher power capabilities than transistors, their losses are higher, their
operating frequency is limited, and additional protection and commutation
circuitry is required.
The present contractual program was established to develop transistorized
series resonant conversion technology at the 10-kW power level. As a first step
in this development, the switching characteristics of the Westinghouse D60T and
developmental D7ST transistors required measurement for sinusoidal collector
current conditions. Switching characteristics are normally measured with a
resistive load where the collector current has a square-pulse type of waveform.
In a resonant converter, however, the current is switched on by the transistor,
and thereafter varies as a sinueoid.
It is the unusual condition of half-sinusoid collector current with the
transistor in saturation that makes conventionally measured switching parameters
unsuitable for dynamic analysis of series resonant circuits. Manufacturers have
not, as yet, begun to characterize their power switches for use in this type of
application. Therefore, it was first necessary to obtain the proper transistor
parameters before proceeding to the design and development of the converter.
The 10-kW power level is the next logical step in the development of series
resonant converter technology, which is presently at the 2.5-kW level for space-
,	 borne systems. The goals of this program were to develop a single-stage 10-kW
converter employing transistors as the switching elements, having an input-
voltage range of 230 to 270 Vdc, and output-voltage range of 200 to
'	 500 Vdc, and an output current-limit range of 0 to 20 A.
r
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SECTION 2
SUMMARY
Two types of new bipolar switching transistors (the Westinghouse D60T and
D7ST) were characterized for use as switches in series resonant inverters and/or
converters. They were characterized at 20, 30, 50, and 70% of their rated
collector currents (200 A for the D60T and 500 A for the D7ST) and at resonant
frequencies of 10, 20, and 40 kHz. The collected data show that the D60T is
approximateldy three times faster than the D7ST, having a storage time in the
range of 1.5 to 2.0 Usec, as opposed to 5 to 6 Usec for the D7ST. The data also
indicate that the D60T gets into hard saturation faster than the D7ST, and that
neither is suitable for operation at 70% of its rated collector current at a
resonant frequency of 40 kHz. Data were obtained for: base drive parameters to
minimize total device dissipation, minimum required base drive as a function of
Ic, base drive parameters for maximum operating frequency, delay time, rise
time, storage time, fall time, saturation voltage, and output capacitance and
input capacitance under series resonant conditions.
Using the data obtained in the transistor characterization, a base-drive
circuit was designed and tested to provide the optimal base-drive to these
transistors when they are used as switches in series resonant applications. This
base-drive circuit provides regenerative feedback, a large amplitude leading-edge
current pulse, a large amplitude turn-off current pulse, and reverse base-emitter
bias during the transistor off-time.
With this base-drive circuit as one of the building blocks, a series
resonant converter was designed, fabricated, and tested to operate from a 230 to
270 Vdc input bus, and provide a winim ram output power of 10-kW (500 V at 20 Adc).
This circuit has a resonant frequency of 25-kHz, an output ripple of 1.5% peak-
to-peak, regulation of better than 0.2%, a response time of less than 2 cosec, and
its output can be either constant voltage or constant current. The electrical
efficiency measured was 91% at its full-power level of 500 V and 20 A, and 93.7%
at a half-power load of 500 V and 10 A. Full circuit details of the converter
are presented, along with the test data.
I
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TRANSISTOR CRARACMIZATION
s
Five Westinghouse D60T and five Westinghouse 07ST transistors were tested
and characterised for use as switch" in a Series Resonant Converter. The tuts
i
	
	
were performed using the test circuit of Figure i for the D60T transistors, and
the test circuit of Figure 2 for the D78T transistors. These test circuits
Imposed sinusoidal collector current on the transistor under test while allowing
the base-drive characteristics to be varied. The base drive consisted of
regenerative (or proportional.) feedback of the collector current, a leading edge
pulse, and a trailing edge pulse. Tables 1 and 2 list the peak collector
currents, resonant frequencies, and test-circuit parameters for which the
transistors ware tested. The D60Ts were not tasted at 140 A and 40 k8s and the
D7STs were not tec,ted at 350 A and 40 kRz because the saturation voltages were
prohibitively high under these conditions (greater than 6 V).
The base-drive parameters that were varied during this testing were the
amplitude of the leading-edge pulse, the duration of the leading-edge pulse, the
regenerative-feedback turns ratio, and the amplitude of the trailing-edge
4 r/
	
	
(negative Ig) pulse. The transistors were tested in both a saturated and
unsaturated condition. For the unsaturated condition, diode CM of Figures 1
and 2 was connected to the collector of the transistor under test and was
disconnected for the saturated condition. The peak I C value listed in Tables 1
and 2, for the unsaturated condition, was actually the peak current in the tank
circuit, since under this condition the collector current of the transistor was
the sum of the tank current and diode CR4's current. One of the D78T transistors
(number 13) developed a collector-to-emitter short approximately 10 sec after
being installed in the test setup; therefore, no data on it is available.
Figure 3 shows some typical base drive waveforms and defines the base drive
parameters. The following sections discuss each parameter that was measured and
give a sus®ary of the data collected.
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TABLE 1. TEST CIRCUIT PAXMTER VALUES FOR THE D60T TRANSISTORS
I
Peak
le, A.
Resonant
Frequency,
fr, KHz
L
µH
C
uF
Vs
Volts
Rep. Rate
kHz
40 10 18.6 12 50 5.0
60 10 18.6 12 75 5.0
100 10 18.6 12 135 2.5
140 10 18.6 12 180 2.5
40 20 17.8 3 95 10.0
60 20 17.8 3 145 10.0
100 20 8.1 6 130 5.0
140 20 8.1 6 185 5.0
40 40 6.7 2 80 10.0
60 40 6.7 2 120 10.0
100 40 4.3 3 140 10.0
;I
Is
I
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TABLE 2. TEST CIRCUIT PARAMETER VALUES FOR THE D7ST TRANSISTORS
e
9
Peak Ic,
Amps
Resonant
Frequency,
fr, kHz
L,
uH
C.
uF
Vs
Volts
Rep. Rate
kHz
100 10 20.5 12.100 128 2.5
150 .10 20.5 12.100 190 2.5
250 10 10.0 24.400 165 1.0
350 10 10.0 24.400 230 1.0
100 20 10.0 6.080 130 5.0
150 20 10.0 6.080 190 5.0
230 20 5.0 12.100 165 2.5
350 20 5.0 12.100 240 2.5
100 40 5.0 3.025 140 10.0
150 40 5.0 3.025 200 10.0
2^0 40 2.8 6.080 170 5.0
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Figure 3. Typical base drive waveforms generated by the
test circuits.
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A. BASS-DRIVE TO MINIMIZE TOTAL DEVICE DISSIPATION
The base-drive required to minimize total device dissipation was determined
•	 by monitoring the total device dissipation with an electronic power-measuring
circuit and varying the various base-drive parameters to obtain the lowest
reading. This electronic circuit calculated the average of (VBE x IE) +
(VIE x Ic) and was calibrated against a balance-type calorimeter.
Figure 4 is a typical set of curves showing that the minimum power
dissipation is nearly independent of the regenerative feedback ratio (forced S)
at the lower current levels and shows a much more pronounced minimum at the
higher current levels. Figures 5 and 6 are typical curves that show how the
leading-edge pulse duration and leading-edge pulse amplitude varied with the
regenerative feedback ratio for minimum device dissipation. The maximum leading-
edge pulse amplitude available from the test circuits was 15 A for the D60T
transistors and 30 A for the D7ST transistors. The characteristics of the
trailing-edge pulse had no measurable effect on the minimum device dissipation.
®	 Additional data on a typical D60T and WST is presented as Tables A-1 through A-6
of Appendix A. Tables 3 and 4 list the base-drive parameters for the D60T and
D70T, respectively, that resulted in minimum total device dissipation. The data
for delay time, rise time, storage time, fall time, V CE (SAT), and total
device dissipation were taken under these base-drive conditions, and a negative
reverse base bias of 7 V for the D6OTs, and 8 V for the D7STs. These negative
reverse base bias voltages were chosen since they minimized stcraga time.
B. TOTAL DEVICE DISSIPATION
Total device dissipation was measured using the electronic power-neasuring
circuit which has an accuracy of approximately tlO%. The data presented
represent the power that would be dissipated in the transistor for a full-wave-
rectified sinusoidal collector current. The maximum power that a transistor
would dissipate in a series resonant inverter (SRI) is 50% of the values shown.
Figures 7 and 8 show how the power dissipation in a typical D60T and D7ST,
respectively, varies with Teak collector current and resonant frequency. These
figures indicate that the power dissipation for the unsaturated condition with
the D60T is considerably higher than for the saturated condition, while the power
11
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dissipation for the D78T is almost the same for either condition. This indicates
that the D7ST does net have time to get into hard saturation during the
collector-current pulse. In general, the total device dissipation increases with
increasing peak-collector current and increasing resonant frequency (Figures 7
and 8). The total power dissipations for all of the transistors tested are
presented in Tables A-7 and A4 of Appendix A.
G. MINIMUM REQUIRED BASE-DRIVE AS A FUNCTION OF IC
Minimum required base-drive current was measured as a function of I C ; this
ratio represents the current gain (8) of the transistor for a given saturation
voltage over a range of peak collector currents. The saturation voltage was
defined as the value of VCE at the time of peak collector current. This test
was performed for saturation voltages of 0.75, 1.0, and 2.0 V. Figures 9, 10,
and 11 are the curves of B versus peak collector current for a typical D60T at
resonant frequencies of 10 kHz, 20 kHz, and 40 kHz, respectively. Figures 12,
ti	 13, and 14 present the same data for a typical D7ST. All of these curves exhibit
a maximum achievable collector current for a given collector-to-emitter voltage.
The variation of 8 versus IC due to changes in the case temperature is shown in
Figures 15 and 16 for a typical D60T and D7ST, respectively.
D. BASE-DRIVE FOR MAXIMUM OPERATING FREQUENCY
Maximum operating frequency for a transistor can be achieved by making the
time consumed by switching as short as possible. A switching time is only
affected by those base-drive parameters that come into affect prior to the end of
the switching time. Therefore, the only parameter that affects delay time and
rise time is the amplitude of the leading-edge pulse. The regenerative feedback
ratio hae no effect since the rise time of the feedback transformer is longer
than the delay time and •:tet: time of the transistor. Transistor delay time was
measured from the time thac the base-to-emitter voltage went positive until the
collector-to-emitter voltage had fallen by 10%. Typical waveforms from which
delay time was measured are shown in Figure 17(a). The test circuits measured
delay time with zero collector current; this is representative of
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aswitching conditions when the tank current is discontinuous in an SRI. When the
tank current in an SRI is continuous, the transistors will be turning on into
some current and the delay times will be longer than those measured here.
Figures 18 and 19 show curves of delay time versus leading-edge pulse amplitude
for a typical D60T and D7ST, respectively. These curves are typical for all of
^.	 the transistors at all three frequencies. Delay times versus leading-edge pulse
amplitude, peak collector current, and resonant frequency for all of the
transistors tested are listed in Tables A-9 through A-17 of Appendix A.
Rise time was measured as the time required for the collector -to-emitter
voltage to fall from its 90% level to its 102 level. Rise time could not be
measured using the conventional definition of the time from 10% to 90% on the
current waveform, since the collector current was zero at the time of turn-on.
Typical waveforms from which rise time was measured are shown in Figure 17(a).
Figures 20 and 21 show curves of rise time versus the leading -edge pulse
amplitude for a typical D60T and D7ST, respectively. These curves are typical
for all of the transistors at all three frequencies and show a decrease in rise
time as the leading-edge pulse amplitude increases. Rise times versus leading
edge pulse amplitude, peak collector current, and resonant frequency for all of
the transistors tested are presented in Tables A-9 through A-17 of Appendix A.
Storage time and fall time can be effected by all of the base-drive
parameters, since all of these parameters come into effect prior to these
switching times. Fall time was measured by turning the transistor off before the
collector current had fallen to zero and then measuring the rise time of the
resulting VCE spike. Conventional fall time does not exist in an SRI. The
base-drive parameters had very little effect on the artificially induced fall
time, and resonant frequency and peak collector current were the only parameters
that did affect it. This would tend to indicate that the measured fall time may
be more a function of the test circuit than the transistor. Typical waveforms
from which fall time was measured are shown in Figure 17(b). Fall times versus
feedback turns-ratio, peak collector current, and resonant frequency for all of
the transistors tested are listed in Tables A-18 through A-26 of Appendix A.
A very long leading-edge pulse adds to the storage time, and the larger the
amplitude of the pulse, the greater the effect. The storage time data were taken
with a 5 A, 5-psec-wide leading-edge pulse and these parameters were not varied.
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For turn off, the base of the transistor was. clasped to a negative voltage by use
of an IRF-100 power MOSFZT. Therefore, the negative base-current amplitude was a
function of this negative voltage, the base resistance of the transistor under
test, and the IRF-100 drain-to-source resistance. The only parameter that could
be varied was the negative voltage; its effect on storage time is shown in
Figure 22 for a D60T transistor and in Figure 23 for a D79T transistor. A
negative 7 V give the minimum storage time for the D60T transistor, while a
negative 8 V was required for the D7ST.
Figures 24 and 25 show a typical variation of storage time with peak
collector current and feedback turns-ratio. Storage time versus feedback turns-
ratio, peak collector current, and resonant frequency are listed in Tables A-18
through A-26 of Appendix A. In general, the storage time increased with
increasing collector current, increasing frequency and decreasing feedback turas-
ratio. Typical wavveforse from which storage time was measured are shown in
Figure 17(c). It was defined as the time between the 1OZ points on the negative
base-current pulse.
E. SWITCHING TIMES UNDER MINIMUM TOTAL DEVICE DISSIPATION
CONDITIONS
Delay time, rise tine, storage time, and fall time were measured under the
base-drive conditions that resulted in minimum total device dissipation. These
base-drive conditions are listed in Tables 3 and 4.
The delay times measured for the D60Ts are given in Table 5. They cover the
range of 40 to 80 nsec, with most of them falling in the 60 to 70-nsec range.
Delay times covered the range of 100 to 190 nose for the D7STs, with most of them
falling in the 110 to 145-nsec range. Table 6 is a tabulation of the delay times
for the D7STs.
The rise times measured for the D6OTs and D7STs are given in Tables 7 and 8,
respectively. They cover the range of 60 to 140 nsec for the D60Ts. with most of
them falling in the 60 to 90-usec range. They cover the range of 60 to 115 usec
for the D7STs, with most of them falling in the 60 to 85-osec range.
The storaV. times for the D6OTs are given in Table 9. They cover the range
of 1.05 to 3.95 usec for the saturated condition, with moat falling in the
w-
s
4
.
34
Fj 1.0
t
3.0
H
2.0
W
F
W
CC
O
4:1 TURNS RATIO
8:1 TURNS RATIO
12:1 TURNS RATIO
t
0L
J -1	 -2	 -3	 -4	 -5	 -6	 -7	 -8	 -9	 -10
NEGATIVE BIAS, VBE(OFF) , V
Figure 22. Variation of storage time with negative base bias
for a typical D60T.
r
35
10
W 
9i
ui 8
7
W
6
O
H 5
4
3
2
1
0
i
11444-43
D7ST
TRANSISTOR NO. 12
fr - 20 KHz
Ica 150 A
T,- 25 oC
SATURATED
4:1 TURNS RATIO
8:1 TURNS RATIO
12:1 TURNS RATIO
0	 -2	 -4	 -6	 -8	 -10	 -12	 -14	 -16
	
-18	 -20
NEGATIVE BIAS. VBE (OFF) , V
Figure 23. Variation of storage time with negative base bias
for a typical WST.
f
r
36
3.5
3.0
2.5
N
Uf 2.0
W
C7
1.5
O
F
N
1.0
11424-24
T	 T	 1	 t
D®OT
TRANSISTOR 60-2
fr - 20 kHz
Te - 259C
SATURATED
3:1
5:1
4:1
O	 7:1
8:1
12:1
w
0.5
	
0, 	 1	 1- 	 -
	
0	 20	 40	 60	 s0	 100	 120	 140	 160	 180	 200
PEAK COLLECTOR CURRENT. I C, A
Figure 24. Variation of storage time with beak collector current and
regenerative feedback turns ratio for a typical D60T.
4
37
.s
N1
ui 8
H
W
Q 6
o:O
F-N
4
5:1
7:1
8:1
12:1
r
^t
14
	 11424-25
07ST
12
	
TRANSISTOR NO. 12
fr - 20 kHz
TC
 - 2500
10
	
SATURATED
2
0L
0
PEAK COLLECTOR CURRENT, IC, A
Figure 25. Variation of storage time with peak collector current and
regenerative feedback turns ratio for a typical WST.
.	 1
38
ss
Wa0Hrn
HN
C^
H
O
^D
A
Wx
H
a0
fn
H
E-
>4
A
A
W
V1
u1
W
a
H
"r
4
D
r
}
p
O ^O %0 NO
on
%D %D %0 %D 4n n 1.0
^O
4n ut Ln O Ln 0 0 0 0 0 0p In 4n Ln %D 0 %D %D %D Ln %D ^T
^du
co M7 1 O o O O Ln 4n Ln O kn Ln O
u n 00 %D %0 %D n %D n n
40 ^D
aa
^I O O L1 O V1 p u1 In o ►n O
O %O %D Ln 00 %D ^D %0 %0 iD n %D
C'+
I
O
O
%0
O
%D
4.1
U*f
O
n
4n
%D
4n
Ln
L1
%0
to
%D
Ln
Ln
O
n OkD
w
IJ
^D
d
4
rl
:J In
I O O O O v1 o V1 p O Lf1 Ln
^o n ^D n ^D ^O n %D %D n %D
d
^A
1 4n o 0 4n o 0 0 ►n o o ^n
O %0 %D %n %D %0 u1 %0 Vn u1 1.0 Ln
.d
4J
M
a+
t0
>+ 1 V) 1/1 1n O 4n rn O o o o o
O n ^D ^D n n ^D n WD .D n n
N
1 Ln O 4n 4n u1 O to O %n O O
O Ln %.D %D %0 n -.D 4n n %D
.-4
1 Ln v1 O 4n Ln v1 u'1 W) 4n O O
O %0 %D in %0 Ln Lf1 %D %D
9: u N
co
w O O O O O O o O o O o
O 7 .4 N ^7 r4 N -'t .4 N vT -4 N
O m ^r	 w
a 4	 a TI t4 w a^	 E+
0 w u +► O a w w
A-i	 41 co 44pl 	 G1 7	 la N	 G!
cc
w p.
E 4
UA	 00
U 0
0
M z H	 t1! O
-T
O
-T
O
•S
O
%0
OIkD O%D Oo OO OO o1 0.T
co
N
W
34
Y
aOHN
N
H
Ht/1n
A
W
xH
a0
w
W
NH
d
wA
A
W
^O
pWdH
n o 0 Ln 0 0 0 Ln Ln Vn Ln oM Ln IT N ^0 -T N N N -4 N N
^O O in O o O O V 1 Ln Ln O Lnb0! M Ln N N 4n M .4 N -4 -4 N .-r
LJ -4 .-1 .A .d .-d .-.1 .4 .-4 -4 .-4 .d
M u1 Ln o o O O o in O in kn Lnq ..^ 1n Ln M v1 V1 M M M N M N
.-r .-4 ..a -4 -4 -4 -4 -4 .-.4 -4 ..a
d1
C+
J^.1
N
--4
O
N
O
M
O
N
o
N
O
M
Ln
M
Vi
N
Ln
M
oM OM oN
G!6M
f^
M OM
Ln
T
v1N O%O oM ON
LnM
Ln
N Ln.-a OT LnN
vA
^o o 0 0 0 Ln o 0 Ln o Ln o10 M ao T N n M N ^^ -r .T N
41
od
O
Ln o Ln o Ln to in O Ln wi
.r f, .T M IT M M M R N -T CO)
-4 -r -4 -r -4 .r .4 .-r -4 .4 r.
N ul O O O O Ln ul o Ln 0 L1
.-^ -4 N N O M N N M M N N
^ U N
tI1
V1
N
H
CJ
lb
a
O
ti-1
''^	 ^
U O
'''^	 -'-4
V W
00
V
^ Cpl
a
co z
w
H
QO
a
GO!7
W W
o
.-r
ON O-J O--I ON o.T- O1-4 ON O1T O.-1 ON
w
H m O O O O O O O O O O
a S o O Ln Ln in Ln in Ln Ln in
-4 -4 .4 .-1 -4 .-4 N N N M M
U
a
40
We
W
C4
E-4
N
Hy
H
H
O
Q
W
W
H
Ix
O
v^
rn
H
W
rn
H
PG
tt
A
n
W
a
H
LA rn
^ t.o
,n-)
%0 R oo oofl. F m o S 0o
^o
o °
'n
M M % S coo
..4
arI
w
cn
o %oo %D % ^ ° ° v1 co
m
G
NI
(D
n
LI)
^p Lnn Ln.r OGO Lnr^ OO LnM Lnr. O-4 OC%
'a
p .4 .4 -4
t+
H -+
I
u1
n
O v1
t`
O
'T
L'1
GO
(D
00
O
O
(D
O
'nr. Oc^1 O
w
^O
+^
M1
1
o
O
r.
to
Go
Lf)
%0 O00
Le)
co
in
r-
O
Cm
O
r-
1!1
%0
vi
00
&m
r-
a
Goo 0% ^ o
.a
ON ^ ^ 00
a Le) n
^o
v
a^
(a$4 M1 O u') O L1 Ln V) O -1 O Q O
G O 00 00 ^O r^ co t\ 00 %0 r` r-
41 %O
ca
rn
rj 01 a\ ^O O^ as n O
Cn O^
01 GO
^D
S
p
'! O ^O Obi O 000 -4-4 GOO GOO S S
^O
0cc U N
v,x 0 0 0 0 0 0 0 0 0 0 0
G O C N 7 .-^ N ,7 .-^ N +7 .-r N
O y C w
wo
u
4)
aj
r-+ 41
4-1	 ro
0
a 1	 w
a w
w
ryl u 7
^ -OG
'^
G w G
N a, V C
cc
tV+	 v1 O O O O O O O O O O O
d
a
41
N
x0H
H
*n
H
Fr
h
[a
W
N
O
ch^1 000 a
0
0 O w
Oh 00 a0 gO0 Irr-I
SCI ^0 O O O kn O kn O kn O an in
L M GO ON w %0 00 %D %O 00 h
a
L
cc
dl
COO n n.tea n NO %0
0
N In O O u1 O Ln O to Ln Ln O
h %O co GO %0 %D ^D %0 h h
HL
Cl
L
h
M
kn
-+
O
00
Ln
%0
O
o
Ln
h
O
Go
O
h
Ln
ao
-4 ...
ar
W4
'd
.D
M
o
O
o
h
Ln
^O
Ln
O^
O
h
o
^0
O
h
Vn
^O
Ln
^0
O
O
4n
h
y -4 .^
L
^d
1+
7L
i! u1
-
O
O
..a
O
h
O
%Q
u1
co
O
h
O
%0
O
CO
O
h
u1
^0
in
O\
O
h
N O O O Ln O O An O Ln O O
-4 O h ^0 00 h %0 h %0 1.0 h
L ^
G u N
G CO N D7
O O
N
O
'T
O^
4
O
N
O^
T
O
-4
O
N
O
.T
O
.4
O
N
3+ 1+
O
rl F+
u)
G1
Cr
a k
0 41 a w
.L L -L4	 cc 41 N w
^B u^ ^^
^c	 ►`°.
tv w co z
^ a G wH O HU H G1
a
O
C
O
o
O
o
O
+n
O
in
O
LO)
O
Ln
O
in
O
in
O
Ln
O
Ln
.-r -4 - -1
-4 -4 N N N M Cl)
rtl
d
cw J
O
Wa
as
6
H
42
Na0
E-4
H
fJ^
O
Q
W
N
a0
w
fn
H
H
W
A4OF
A
^
Wa
O^
W
p•-a
dN
•
Ln M s ^ M ^ h ^ C^0 O +00 OO^O O O O O O O O O r+ O .^
^ ^ ^ ^ N^t ^p N O^ ^O O 1n
41u
cr1 fn
c 1 p de7 Ln01
v1
..^
O
oo
^
O
Ln
^7
knf` O17N
0 ^D O O .^ O O -+ O .a .-^ O -4
C
N S en co O f- .t GOO
1 M .D f\ ^O CO v1 O .^ ^O 01.
N
^
O
^D O O O O O O O O .-+ O O
N •--i 00
C"!
00 N O OD O N N NCi Or` DOO
w
4J ^C O O O O O .-i O p .a p .-1
M
1n Ln L1 0 0 u1 O O u1 O O Ln
Ai
4) f)0 co f,
0
ul I
ul
.7 .t cn v1 v7 VnM o%O LnU1 OGO LnO Ln01
N N (N N N N er1 C4
V
4)
Cl) O Ln en Ln V1 v1 O O Ln O Oa^0
'A 40 Q` 1n 0, 0, N O cn V1 .7
7 O
N N N N
cdW
C4
N L 1 110 'D O^ 80
.., u1 N O v1 O O Ln f- M1 V) 40
1 M %9 40 Cr 00 CO O 40 •-+ Cl! 7O
^ r^
cC4 C xC 4J	 sG O O O O O O O O O O O
C O 7 .-^ N .J •-^ N ^Y •-^ N ^7 .-+ NO 47 V,
ov uu o r^Hw
a6j u -H	 co N H WN 4) O w (A 44)e)
10+ ^ ^ •CC 7 w
H
v 0
U
w zH
y
dL LL
0
-t 0IT 0.1 0%O 0%Q 0%D 0O
-4
0O
-4
0O
.-4
0
.T
•-4
01
.-1
co 
69
41
a
43
s1.05 to 2.5-nsec range, and the range of 0.3 to 1.6 usec for the unsaturated
condition, with most falling in the range of 0.3 to 1.0 nsec. The storage times
for the D7STs are given in Table 10. They cover the range of 2.8 to 6.7 nsec for
the saturated condition, with most falling in the 3.0 to 6.5-nsec range, and the
range of 1.4 to 6.7 nsec for the unsaturated condition, with most falling in the 	 f
range of 2.0 to 5.0 ueec.
The fall times measured for the D6OTs and D7STs are given in Tables 11 and
12, respectively. They cover the range of 120 to 500 nsec for the D60Ts, with
most of them falling in the 150 to 400-nsec range. They cover the range of 180
to 640 nsec for the D7STs, with most of them falling in the 220 to 400-nsec
range.
From a comparison of these data with the data for the value of base-drive
required to maximize operating frequency, it can be determined that the
transistors can be operated under the base-drive conditions that produce minimum
total device dissipation without compromising the maximum operating frequency.
F. COLLECTOR-TO-EMITTER VOLTAGE (VCE)
The collector-to-emitter voltage (VCE ) falls quickly from the value of
Vs to near zero at turn-on, as shown in Figure 17(a) (which is typical of all
test points). After this initial drop in voltage, VCE varies, as shown in
Figure 26 during the transistor on-time. The variation of the average VCE
(SAT) with peak collector current and reeorant frequency is shown in Figures 27
and 28 for the D6OTs and D7STs, respectively. The saturation voltage was defined
as the collector-to-emitter voltage at the time of peak collector current. The
saturation voltages were measured for the transistors under the base-drive
conditions that minimized total device dissipation and are given in Tables 13 and
14.
Saturation voltages measured under these conditions are the optimum tradeoff
between base-drive power and collector-emitter dissipation. The saturation
voltage increased as either the peak collector current or resonant frequency
increased (Figures 27 and 28).
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D60T
I C = 60A
fr-20 kHz
SATURATED
VCE , IV/DIV	 --
IC, 20A/DI V
I 6 , 10A/DIV -
ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH
11424-26
D1ST	 VCE, IV/DIV -
I C = 150A
Ir = 20 kHz
SATURATED
I8,10A/DIV —
I C , 50A/DIV
Figire 26. Typical waveforms of saturation voltage for
the D60T4 and D7,Ts.
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Figure 27. Variation of saturation voltage with peak collector
current and resonant frequency for the D6OTs (average
of five transistore).
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Figure 28. Variation of saturation voltage With peak collector current and
resonant frequency for the A7STs (average of three
transistors).
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G. OUTPUT WACITANCE, COB
The construction of high-power transistors necessarily requires the use of a
large-area junction to handle the high currents. Large-area junctions result in
a very undesirable characteristic (i.e., large junction capacitances). Published
data for the D60T give a small-signal, 1-MHz measurement of COB , which does
not accurately depict the nonlinear character of COB on a large-signal basis
such as will be encountered in high-power inverter applications. As shown in
Figure 29, COB appears as a capacitor connected between the collector and
base of transistor, Q2. Its effect is particularly detrimental when Q2 is in
its OFF state and Ql is switched ON. The turn-on of Q l causes a voltage
transient across COB of Q2, and, according to the relationship
i	
dV	 (1)
CB dt COB
a current is injected into the base that, if not properly suppressed, will turn
Q2 on and be multiplied by the gain (8) of Q 2 . This current transient, at
the time when collector voltage is high, is sufficient to cause significant power
dissipation when operating at high frequencies and is a dV/dt limitation on the
transistor.
The test circuit of Figure 29 was used to measure the output capacitance of
the D6OTs and D7STs. The drive sequence for Q l and Q2 was asymmetrical with
both Ql and Q2 off for long periods. Load resistor R L guaranteed that the
Q2 collector voltage was held at zero during Ql off-times. Ql was then
turned on while Q2 was held off by the negative bias connected to the bottom of
RB . The injected base current (iCB ) flowed through RB and was measured
with a calibrated current probe, while the Q2 collector voltage transition
(dV/dt) was measured with a voltage probe. Collector-to-base capacitance
(Cob ) was then calculated from
.
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CURRENT	 GCB
IN RB
R L	 0
5K
COB'w
a:
tVS (200V)
10 0 	 01(TURNS ON)
2N6676
9396-12R1
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2V ptp
1 kHz
SQUARE
WAVE
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i^^CB	 a^CBCOB T	 I
(	 D.U.T.
Q2(OFF)
R 
1 SZ
-4V 4.4 µ F
Figure 29. Test circuit to measure COB of a transistor.
54
Ii
CA	 (2)
COB - dV/dt
•
	
	 The output capacitances of the transistors tested are given in Table 15 and
averaged 2140 pF for the D6OTs, and 3696 pF for the D7STs.
TABLE 15. Output Capacitance (COB ) of the D60T
and WST Transistors Tested
Transistor Type D60T D7ST
Transistor 60-1 60-2 60-3 60-4 60-5 12 15 36 37
Number
COB-
2320 2140 2050 2126 2079 3710 3834 3465 3774
PF
H. INPUT CAPACITANCE, CIB
The maximum operating frequency of a switching transistor is a direct
function of the time required to charge (delay time) and discharge (storage time)
the base-to-emitter capacitance (CIB ). To properly design the base-drive
circuit to adequately handle the peak-base-drive currents required, a worst-case
value for CIB is required. The base-emitter capacitance was measured with
the test circuit shown in Figure 30. This test was performed with the collector
open, which eliminates parallel effects from COB . The open collector should
approximate operation in an SRI since the collector current in an SRI will be
zero at the time of turn-off.
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In Figure 30, Ql (the DUT) was turned ON by a pulse (V g) from the pulse
generator. This pulse also turned Q2 OFF. After the base of Ql had been
fully charged, Vg reverse biased D1 and turned Q2 ON. Q2 is a constant	 •
current source and drew a constant value of iB from the base emitter junction
of Ql . After the excess charge had been removed, VBE fell at a relatively
constant rate (dVBE/dt). From the relationship
	
dVBE iB	
(3)
	
dt	 OIB
it follows that
iB
	
C'IB dVBE/dt	 (4)
The input capacitances of the transistors tested are given in Table 16 and
averaged 76,100 pF for the D60Ts and 118,500 pF for the D7STs.	 a
.
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Figure 30. Test circuit and Waveforms for measuring Cib of
a transistor.
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TABLE 16. Input Capacitance (CIB) of the D60T and D7ST
Transistors Tested
Transistor
Type D60T D7ST
Transistor
Number 60-1 60-2 60-3 60-4 60-5 12 15 36 37
IB-
71,560 73,180 81,000 87,400 67,500 96,800 112,500 126,500 138,000
pF
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SECTION 4
BASE-DRIVE DEVELOPMENT
A base-drive strategy was developed for both the D60T and D78T transistors
for when they are used as switches on SRIs. The strategy is the same for both
types of transistors and is described in "the following section.
A. STRATEGY
The strategy developed to drive both the D60T and D7ST transistors is as
follows. Regenerative (or proportional) feedback of the collector CL.-rent is
used since it minimizes the required power from the rest of the base-drive
circuitry. At the same time, the transistor is maintained at a constant 8
(except during the leading-edge pulse) which saves on base-drive power. The
base current is allowed to go to zero as the collector current goes to zero,
which minimizes the storage time. The base-drive parameters from the
transistor characterization that resulted in minimum .total device dissipation
are employed, and the base-emitter junction is kept reverse biased during the
transistor off-time, which eliminates dV/dt turn-on caused by COB-
B. REQUIREMENTS
A study of the data obtained in the transistor characterization indicates
that it is not practical to operate either the D60T or the D7ST transistors at
70% of their rated currents and a resonant frequency of 40 kHz. It was not
possible to get either transistor into saturation under these conditions. The
long storage time (6 to 7 usec) for the D7ST transistor also limits its
uoefulneas at 40 kHz. Therefore, the maximum practical operating frequency
(resonant frequency) for these transistors at high currents is in the 20 to 25
kHz range. The base-drive circuit was developed for 25 kHz.
Data taken on the D60T transistors at 20 kHz and 100 A show that the
minimum device dissipation occurs at a regenerative feedback ratio of 7:1, with
a leading-edge pulsE of 12 A amplitude and 15 usec width. The required
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base-drive at 25 kHz should be the same regenerative feedback ratio of 7:1,
and a leading-edge pulse of 12 A amplitude that is 12 Usec wide (reduced from
15 Usec by the ratio of 20 kHz to 25 kHz). Data taken on the W ST
transistors at 20 kHz and 250 A show that the minimum device dissipation occurs
at a regenerative feedback ratio of 10:1, with a leading-edge pulse of 30 A
amplitude and 12.5 Usec width. The required base-drive at 25 kHz should be the
same regenerative feedback ratio of 10:1, with a leading-edge pulse of 30 A
amplitude and 10 Usec width (reduced from 12.5 Usec by the ratio of 20 kHz to
25 kHz).
It is important that the leading-edge pulse have a rise time of 1 Usec or
less in order to minimize the turn-on time and get the transistor into
saturation quickly. The turn-off pulse (negative Ig pulse) needs to be large
in amplitude in order to minimize the storage time, which will then allow for
maximum utilization of the series resonant tank.
Co CIRCUIT DEVELOPMENT
Conventional transformer ;:oupled base-drive circuits will not provide a
30 A pulse with a rise tine of 1 Usec or less because of the leakage inductance
of the transformer, ^,4se-emitter inductance of the transistor, and stray
inductance of the wiring. Direct switching of the 30 A current pulse into the
base was considered, but rejected because of the poor efficiency (less than
50%) for that type of base-drive. It was decided to use a transformer-coupled
base-drive circuit and overcome the inductance problem by "brute forcing" it
with voltage.
The circuit of Figure 31 was developed to provide a 30 A pulse with a rise
time of 1 Usec or less and a 7:1 (10:1 for the D7ST) regenerative feedback
ratio. Referring to Figure 31, Q5-X forms a constant-current source that
charges capacitor C6-X to the voltage potential of V2. When Q6-X is
turned on to apply a leading-edge pulse to QX, the high voltage charge (V2 •
75 V) on C6-X is applied to the primary of T4-X. This high voltage
overcomes the effect of the leakage inductance of T4-X, the stray wiring
inductance, and the base-emitter inductance of QX, allowing the base current to
rise to 30 A in approximately 1 Usec. After the charge on C6-X has decayed
j
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ato potential V1 (12 V), the remainder of the leading-edge pulse is supplied
frum V1 through CRS-X. The width of the leading edge pulse is controlled
by the on - L ms of Q6-X.
The regenerative feedback is supplied by transformer T3-X. A separate
transformer is used for the regenerative feedback so that the leakage
inductance of T4-X (supplying the leading-edge pulse) can be o'nimized.
Transistors Q7-X and Qg-X are used to isolate the transformers so that the
base of QX can be held at a negative bias during the time that it is turned-
off. Q9-X supplies the turn-off pulse to the base of QX, and holds it at the
negative bias level of -7 V. T6-X is used to provide an isolated turn-off
pulse to Q9-X during the on-time of QX.
D. TESTM
The base-drive design was te,itre using the test setup shown in Figure 32,
which is a half-bridge SRI with a zero impedance load and resonant frequency of 	 a
25-kHz. The amplitude of the tank ca,rrent was controlled by varying V S , and
the duty cycle of Ql and Q2 was varied by way of the control circuit. The
test setup was operated without any tank circuit feedback.
1.	 D60T Transistors
Transistor 60-5 Na g installed as 41 and 60-4 was installed as Q2. The
turns-ratios of T3-1 and T3-1 were yet at 7:1, and V1 and V2 of Figure 31 were
adjusted to give a leading edge pulse amplitude of 12 A. The leading edge
pulse duration was set at 12 vsec by the control circuit, and the tank current
was adjusted for 100 A peak. The tank current, Q2 collectcr current, and
Q2 base current are shown in Figure 33(a). The base current and base-emitter
voltage are shown in Figure 33(b) for the same conditions, while Figure 33(c)
shows the base current, tank current, and saturation voltage. These
oscilloscope traces show a saturation voltage of 1,5 V and a storage time of
1.5 usec, which is in good agreement with the transistor characterization data.
6.'.
fr
4
11424-29
Figure 32. Test setup for testing the base-drive circuitry.
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COLLECTOR CURRENT, 28A/DIV --
C.
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SATURATION VOLTAGE, 2V/DIV
SWEEP — 5 µS/DIV
B.
BASE CURRENT. 10A/DIV
BASE-EMITTER VOLTAGE, 5V/DIV
1 14'4-30
Figure 33. D60T transistor waveforms during test of the base—drive
circuit.
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2. D7ST Transistors
Transistor number 36 was installed as Ql and number 12 was installed as
Q2 (Figure 32). The turns-ratios of T3-1 and T3-2 were set at 10:1, and V1
and V2 of Figure 31 were adjusted to give a leading edge pulse amplitude of
30 A. The leading edge pulse duration was set at 10 t asec by the control
circuit and the tank current was adjusted for 250 A peak. The tank current,
Q2 collector current, and Q2 base current are shown in Figure 34(a). The
base current and base-emitter voltage are shown in Figure 34(b), which shows a
storage time of approximately 3 t►sec. Figure 34(c) shows the base current,
tank current, and saturation voltage for a peak tank current of 150 A. The
saturation voltage under these conditions is approximately 1.2 V. Figure 35(a)
shows that the saturation voltage increased to approximately 2.3 V as the peak
tank curreut increased to 200 A. When the peak tank current was increased to
250 A the saturation voltage increased to 9 V, as shown in Figure 35(b),
indicating that the transistor did not have enough base-drive even though the
transistor characterization data indicate that the base-drive should have been
adequate. Reducing the T3-1 and T3-2 turns-ratios to 8:1 dropped the
saturation voltage to 5 V. By increasing Vl of Figure 31 until the base
u	 current at the time of peak collector current was 70 A, the saturation voltage
was reduced to approximately 2 V (Figure 35(c)).
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A.
BASE CURRENT, 20A/DIV
TANK CURRENT, 50A/DIV
COLLECTOR CURRENT, 50A/DIV
C.
BASE CURRENT, 20A/DIV
TANK CURRENT, 50A/DIV
SATURATION VOLTAGE, 2V/UIV
1424-31
SWEEP - 5 µ S/DIV
B.
BASE CURRENT, 20A/DIV
BASE-EMITTER VOLTAGE, 5V/DIV
ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH
Figure 34. D7ST transistor waveforms during test of the
base drive circuit.
66
A.
BASE CURRENT, 20A/DIV -
	 -
TANK CURRENT. 50A/DIV
SATURATION VOLTAGE, 2V/DIV
B.
BASE CURRENT, 20A/DIV
TANK CURRENT, 50A/DIV
SATURATION VOLTAGE, 2V/DIV
C.
BASE CURRENT, 20A/DIV 	 -
TANK CURRENT, 50A/DIV - —
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1 1424-J2
Figure 35. D7ST transistor saturation voltage variation for different base
currents.
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SECTION 5
CONVERTER DESIGN
The 10-kW series resonant converter was designed to meet the following
specifications:
•	 Resonant frequency — 25 kHz
•	 Main bus voltage — 230 to 270 Vdc
•	 Output voltage — variable from 200 to 500 Vdc.
•	 Output current limit — adjustable from 0 to 20 A
•	 Output power — 10-kW minimum at 500 Vdc output
•	 Input power — 208 Vac ±10x, 30, 60 Hz, 4 wire
•	 Output voltage regulation — ±2% for input voltage variations of ±10%
and/or load variations between 10% and full load current
•	 Output ripple — less than 1% rms
•	 Remote voltage sensing — terminals provided on the rear of the
chassis
•	 Isolation — all output terminals are isolated from the chassis, and
either the positive or negative terminal may be floated ±100 Vdc from
chassis ground.
•	 Mode indication — a local and remote indication is supplied to
indicate when the inverter is in the current-limited mode
•	 Meters — output voltage and current meters on the front panel
•	 AC power control — a front panel switch for control power and front
panel breaker for the main power
•	 Cooling — forced air
•	 Mounting — standard 19-in. EIA rack.
The decision was made to use the D60T transistor as the basic switch for
this design because of its shorter storage time and because of the very limited
availability of the D7ST transistors. The use of the D60T transistors at the
10-kW level requires a full-bridge circuit which uses twice as many switches as
a half-bridge (4 versus 2), but results in a peak tank current that is
s
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circuit.
a
one-half that for a half-bridge. The lower peak tank current gives rise to a
more efficient design because of lower I 2R losses and lower transistor
saturation voltages.
The major features of the design are discussed in the following sections.
A. BRIDGE AND TANK CIRCUITRY
A schematic of the bridge and tank circuitry is shown in Figure 36.
Transistors Q1 through Q4 are the four switches of the full-bridge, and T3-1
through T3-4 provide the regenerative feedback base drive for these
transistors. SR1 and SR2 are saturable reactors that limit the di/dt that Q1
through Q4 see, allowing these transistors to saturate quickly, and thereby
reduce power losses. SR1 and SR2 saturate in approximately 500 nsec, after
which they are effectively out of the circuit. Diodes CR1 through CR4 provide
the paths for returning excess energy in the tank circuit to the source.
Diodes CR54-1 through CR54-4 were added to suppress voltage spikes caused by
SR1 1 SR2, and stray wiring inductance. They are mounted as close to Q1 through
Q4 as possible, as are C3 and C4, which provide a low impedance AC clamp for
CR54-1 through CR54-4 to work into.
The series resonant tank is composed of Cl, L1, T1, and T2. C1 is made
from four polypropylene capacitors in parallel and has a total capacitance of
0.875 NF. Capacitor C1 resonates with the inductance of L1 and the primary
leakage inductance of T1 at a resonate frequency of 25-kHz. L1 was fabricated
by winding 18 turns of 165/30 (16,500 circular mils) Litz wire on an Indiana
General-type 8200 ferrite core with a 12.9 cm2 cross sectional area. Ferrite
was used for both L1 and T1 because of its lower losses. The design of these
components could be further improved by using Ceramic Magnetics Inc. type
MN60L ferrite instead of the Indiana General type 8200. T1 is used to remove
energy from the tank circuit and supply it to the load. The primary of T1 was
wound with 18 turns of 165/30 Litz wire and each of the two secondaries was
wound with 24 turns of two 10/36 Litz wires in parallel (a total of 7500
circular mils). The core used was the same as for L1. T2 is a current	 r
transformer that provides a tank-current feedback-signal to the control
70
w4-
R	 ^	 a
	
;F *Laj	 um
	
ut	 IWO
NM! fn
	
^6pp^
	
d
O^N
	
Vj 	 ^I)	 V7
=	 II ^^
U	 C4p
d	 ^.
	
J	 3U.
	
a	 °'	
X 18
	
W Y	 UU	 V	 U o
d
W W	 F^
M d	 X
6
M
y=j O Q ~	 U
a	 oc	 ^+
u4
♦.1
L
Q
O V
	
^
^O
U
C
Wd ^	 •1N	 ^W ^
^ W
^i
z^W ,
O
zd
a
d H ^ ^
Q WU^ N•
V KN HO 'm	 U	 IVWU	 a
aWUO aWU' cl:W	 a^iqU]	 tij
C^ F •	 Gr em
J
X
W o >_5-7
i i^
>^"!
aag
Q^ 13
os
r^
a3xv3us tinoum uns anon o1
71
s
B. OUTPUT CIRCUIT
The schematic of the output circuitry is shown in Figure 37. The AC
current supplied by T1 is rectified by two full-bridge circuits, CR12 through
CR15, and CR16 through CR19. The split secondary on T1 is a convenient method
of stacking the rectifiers in series to handle the output voltage. The
rectified current is filtered by C8 -A through C8-D, measured by M1, and then
supplied to the output. The output voltage is measured by M2 and sensed as a
feedback-signal for the control circuit by R10 through R14 and R17. R15, R16,
and C9 are added to form a lead
-lag network for compensating the voltage
control loop.
C. BASE DRIVE CIRCUIT
The base drive schematic was presented (Figure 31) and discussed in
Section 4.
D	 CONTROL CIRCUIT
The control circuit schematic is shown in Figures 38(a) through 38(d).
The output voltage feedback-signal is isolated from the floating output by
	 a
isolation amplifier AR1. This feedback signal is then compared against the
output voltage reference signal ( from R28) and the difference integrated by the
feedback around AR2. R25 forms a lead network with C10 for loop compensation.
The integrator is confined to the normal operating range by the clamp circuit
comprised of R24, R27, CR20, and VR6. Comparator U16 senses when the output
voltage is more than 25 V higher than the referenced level and immediately
phases the inverter off until the output voltage drops down to the referenced
level. This keeps the output voltage under control during transient
conditions.
The average output current is related to the average current in the series
resonant tank circuit by the turns ratio of T1. Therefore, the average tank
current can be sensed and used to control the output current while at the same
time protecting the bridge and tank circuit components. The tank current is
72
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fsensed by currene transformer T2, rectified by CR24 through CR27, and converted
to a voltage by R34. This voltage is then compared against the output current
reference-signal (from R30) and the difference integrated by AR3. This
integrator is also confined to the normal operating range by a clamp circuit
comprised of R35, R36, CR22, and VR8. AR5A and AR5B sense when the output
voltage has fallen below a certain level (determined by the output current
reference-signal (150 V for a reference level of 20 A) and then linearly phase
the output current tack to 6 A as the output voltage falls to zero. The static
output operating envelope produced in this manner is shown in Figure 39.
Comparator U15 senses when the peak tank current exceeds 120 A and immediate,.,
resets the integrator (AR3) to zero, which in turn phases the inverter off.
The integrator can immediately start to integrate back up and phase the
inverter back on to the referenced set point. This comparator limits the peak
tank current and protects the components of the bridge and tank circuitry
I
during transient conditions. Currents are limited to a peak value of 120 A and
the voltage on resonate capacitor Cl is limited to 1200 V.
The outputs from the voltage and current feedback circuits are diode-OR`d
to the input of the voltage-to-frequency (V/F) converter. The diode-OR`d 	 0
functions control by limiting how far R38 is allowed to phase on the inverter,
while VR9 provides a maximum limit to which the inverter can be phased on. The
actual V/F converter, L'2, uses AR4 to improve linearity, operating range, and
response time, while U3, a fli p-flop, alternately allows the pulse output of U2
to be applied to the base-drive for opposite sides of the bridge by way of the
steering gates (U4). Comparator U14 senses whether the voltage loop or the
current loop has control of the system and closes relay contact R1-A and turns
front panel light DS1 on when the current loop has control.
The output pulse from the steering gates is inverted by U6 and applied to
the interface circuit composed of Q13, Q14, and Q15. This circuit drives T6-X
(Figure 31) which turns Q9-X off, permitting QX to be turned-on. The trailing
edge of the pulse turns Q9-X back on, starting the turn-off of QX. The output
pulse from the steering gates is also delayer, got approximately 1 µsec by R47
and C21. This delay allows time for Q9-X to be turned-off and also provides a
means for balancing both halves of the tank current if necessary by varying
this delay time slightly. The delayed pulse is inverted by U6 and shortened
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by R49, R50, and C23 to the width required for the leading-edge base-drive
pulse. This shortened pulse is applied to the interface circuit composed of
Q10, Qll, and Q12 which turns Q6-X (Figure 31) on and off.
E.	 SOLID-STATE DC INPUT CIRCUIT BREAKER
The main DC bus for the inverter is protected by a solid -state circuit
breaker that trips if the line current exceeds 60 A. 	 The switch used in this
LrcuiZ breaker is a D60T transistor (Q27 of Figure 40) that is driven by a
small free running inverter operating at 160 kHz. 	 The inverter consists of U8,
Q25, Q26, and T7 of Figure 40.	 The output of this inverter is rectified by
CR42 and CR43, filtered by C40, C61, and C62, and used as the base-drive for
Q27.	 The output level of the inverter is varied by R74, which is used to
adjust the base-drive of Q27 so that it will come out of saturation at 60 A.
When Q27 comes out of saturation, the optical coupler (U9) turns on, setting
the flip-flop (U7).	 When U7 is set, the inverter turns-off, which removes the
base-drive from Q27, causing Q27 to turn off within 10 usec after coming out of
saturation.	 Pushbutton S1 is used tG reset the flip-flop: turning the circuit
breaker back on.
F.	 MAIN BUS SUPPLY
The main bus supply is a commercially purchased, unregulated, 60 Hz supply
with an LC output filter.	 The output of this supply varies over the range of
230 to 270 Vdc as the line and load vary. 	 T2, T3, and associated components
(Figure 41) were added to this commercial supply to provide unregulated power
for the housekeeping supplies.
G.	 HOUSEKEEPING SUPPLIES
A schematic of the housekeeping supplies is shown in Figure 42.
Regulation is provided by standard, commercially available 3-terminal
regulators that produce outputs of +12 V, -12 V, and +75 V.
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H. NEGATIVE BIAS SUPPLY
Each of the base drive circuits requires an isolated negative 8 V for use
as the negative bias during the time that the transistors (Q1 through Q4 of
Figure 36) are off. These negative bias voltages are supplied by the free-
running inverter of Figure 43. The inverter operates at 25 kHz and has four
i	 isolated outputs, This is a low power inverter and the 10 A current pulses
required during turn-off of Q1 through Q4 are provided by C7-X of Figure 31.
I. MECHANICAL
The 10-kW converter was designed to be used in a laboratory type
environment with forced air as the cooling medium. It was divided into two
separate chassis, so that the power supply to generate the main DC bus power
could be separated from the actual series resonant converter for convenience
reasons. The chassis containing the DC bus supply is free-standing and is
55.9 cm x 49.5 cm x 38.1 cm (22 in. x 19.5 in. x 15 in.).
The actual series resonant converter, shown in Figure 44, is contained in
a rack-mountable chassis that is 48.25 cm x 31.1 cm x 46 cm (19 in. x 12.25 in.
x 18 in.). It weighs 52 kg (115 lb) and can be mounted at a convenient height
for operation of its controls and reading of the meters. This chassis is
connected to the power supply chassis by two cables, one for the main DC bus
power and one for controls and housekeeping power.
Figure 45 is an interior view of the inverter showing the locations of the
D60T and commutating diode heat sinks, output rectifiers, control circuitry,
base-drive, series resonant capacitor, output transformer, and series resonant
inductor. The input capacitor, output capacitor, housekeeping supplies and
fans are mounted in the bottom of the chassis and cannot be seen in this
photograph.
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Figure 44. 10-kW series resonant inverter.
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SECTION 6
TESTING
The 10-kW converter that was designed and fabricated was also tested
under a variety of conditions to determine its operational characteristics.
The parameters tested for were stability, steady-state waveforms, output
ripple, regulation, transient waveforms, and efficiency. The test results for
each of these parameters are discussed in the following sections.
A. STABILITY
The voltage and the current control loops b,-''.h have integrators in their
forward loops to provide very high DC gain, necessary for good regulation. In
addition to the integrator, the voltage control loop has a lead-lag network on
the output voltage divider and a lead network as part of the integrator for
loop compensation. The Bode plots for this loop for a variety of output
conditions are shown in Figures 46 and 47. These figures show the bandwidth
increasing and the stability decreasing as either the output voltage increases
or the load resistance decreases. The worst case gain margin is 10 dB, and the
worse case phase margin is 65 deg.
The current control loop does not have any compensation in addition to the
integrator. The Bode plots for this loop for a variety of conditions are shown
in Figure 48. The bandwidth and the stability of this loop are fairly constant
for the conditions tested with a worst case gain margin of 15 dB and a worst
case phase margin of 90 deg.
B. STEADY-STATE. WAVEFORMS
Photographs of oscilloscope trace f,f the major current and voltage
waveforms in the inverter were taken °_:.. three output conditions corresponding
to when the tank current is discontinuous, the diodes conduct for approximately
0.75 x, and the inverter is phased almost full-on. The first set of these
photographs (Figure 49) shows the tank current and resonant capacitor (Cl of
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Figure 49. Steady-state tank current and resonant capacitor
voltage for different load conditions.
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Figure 36) voltage. From these it can be seen that for a 500 V output into a
25-0 load (10-kW) the peak tank current is approaching 100 A and the peak
capacitor voltage if nproximately 700 V. Figure 50 shows the resonant
inductor (L1 of Ft	 36) voltage and Figure 51 shows the output transformer
(T1 of Figure 36) primary voltage, along with the tank current for the same
three output conditions. The tank current, capacitor voltage, inductor
voltage, and transformer primary voltage are shown in Figure 52 for short
circuit output conditions. The output current is approximately 6 A under this
condition (with the control pot set at 20 A) because of the current cutback
feature of the control circuitry that starts to function as the output voltage
goes to zero (see Figure 39). The steady-state base current and base-emitter
voltage waveaforms for the 10-kW output condition are shown in Figure 53.
C. OUTPUT RIPPLE
The output ripple for three different output voltages and a 25 9 load is
shown in Figure 54, while Figure 55 shows the condition for two different open
circuit output voltages. The open circuit, 327 V condition, produced the
largest peak-to-peak ripple observed. This ripple data is summarized in
Table 17. The peak-to-peak ripple could be reduced by adding more output
capacitance, but this would also decrease the bandwidth of the frequency
response.
TABLE 17. Output Ripple of the 10 kW Converter
Output
Voltage,
Vo , V
Output
Load
RL, Q
Output Ripple, Peak-to-Peak
Volts % of V 
180 25 4.0 2.2
250 25 4.5 1.8
500 25 4.5 0.9
327 34 10.4
500 25 5.0
94
V  = 180V
RL=25S2
TANK CURRENT, 40A/DIV
INDUCTOR VOLTAGE, 400V/DIV
V  = 250V
R  = 2552
TANK CURRENT, 40A/DIV
INDUCTOR VOLTAGE, 400\o/DIV
V  = 500V
RL=25P
TANK CURRENT, 100A/DIV
INDUCTOR VOLTAGE, 1000V/DIV
11424-38
SWEEP — 10 µS/DIV
ORIGINAL PAGE	 .:gym
BLACK AND WHITE PHOTOGRAPH
Figure 50. Steady-state tank current and resonant inductor
voltage for different load conditions.
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Figure 51. Steady-state tank current and output transformer
primary voltage for different output conditions.
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Figure 52. Steady-state tank circuit waveforms for short circuit
output conditions.
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Figure 53. D60T base current and base-emitter voltage waveforms
for full load conditions.
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Figure 54. Output voltage ripple with a 25 0 load at different
output voltage levels.
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Figure 55. Output voltage ripple under open circuit
conditions.
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D. LINE AND LOAD REGULATION
The line and load regulation measurements are presented in Table 18. They
'	 r
show that the regulation is better than or equal to 1 V.
TABLE 18. Line and load Regulation Measurement Data
Line Regulation Load Regulation
Input Output Output Load Output Output
Voltage Voltage, Current, Resistance, Voltage, Current,
V Vo,V Io, A RL, R Vo, V Io, A
1000 200 0.2
243 350 10 10 200 20
1000 350 0.35
258 350 10 17.5 350 20
1000 400 0.4
271 349 10 25 400 16
101
E. TRANSIENT LINE AND LOAD TESTS
The inverter was tested for its response during turn-on of the main bus
supply and for load transients of the operating point to short circuit, short
circuit to the operating point, operating point to open circuit, open circuit
to the operating point, open circuit to short circuit, and short circuit to
open circuit.
The circuit shown in Figure 56 was used when we wanted a closing switch to
generate load transients, while the circuit shown in Figure 57 was used when we
wanted an opening switch. The SCR of Figure 56 was turned back off by
programming the output of the inverter to zero current. We used R2 only when
short circuiting the output of the inverter and it provided a limit on the
maximum surge current. The GTO SCR of Figure 57 could not be used both as a
closing switch and an opening switch because of its low surge-current rating
(220 A). It was turned-on while the inverter was off, and then the inverter
was brought on to the operating test point.
Figure 58 shows the tank current, input bus current, output voltage, and
input voltage as the main bus supply is turned-on and the inverter comes up to
an operating point of 500 V and 10 A. These traces are typical of all the
turn-on transients tested and show that these parameters are well behaved
during the turn-on.
The tank current and resonant capacitor voltage response to a load
transient of 500 V at 20 A to short circuit is shown in Figure 59. This was
the response before the peak tank current limiting circuitry (U15 and
associated components of Figure 38(b)) was added to the control circuit, and
shows the tank current peaking at 190 A and the capacitor voltage peaking at
1700 V. These peak levels were unacceptably high and therefore the circuit was
modified. Figure 60 shows the response of the tank current and capacitor
voltage to the same transient condition after the peak tank current limiting
circuitry was added. The tank current is now limited to 120 A and the
capacitor voltage to 1000 V, which are acceptable levels.
The tank current and output voltage response to a load transient of short
circuit to open circuit (350 V setpoint) is shown in Figure 61. The tank
current response is acceptable, but the output voltage overshoots the
s
.
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SCR 1
GE - C147P
1000V
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Figure 56. Circuit used to provide a closing switch for transient
load testing.
103
r+gw+^q^r^p
+	
71424-46
C1
12 VDC	 POWER 0.1 pF
GTO SCR 800 VDCHITACHI HITACHIDRIVE FT 50A6GSl
+
CIRCUIT
UCZ90812 220A SURGE CR133ZZR1/^	 IN 4246ON/OFF5VGC CONTROL
4
Figure 57. Circuit used to provide an opening switch for
transient load testing.
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Figure 58. Tank current, input current, input voltage, and
output voltage during a typical turn-on
transient.
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Figure 59. Tank current and resonant capacitor voltage response
to a load transient of 500 V at 20 A to short circuit
without the peak tank current limiting circuitry.
11424-4a
SWEEP — 200 µ SiDIV
Figurc 60. Tank current and resonant capacitor voltage response to a load
transient of 500 V at 20 A to short circ0 t with the peak
tank current limiting circuitry.
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Figure 61. The tank current and output voltage response to a load
transient of short circuit to open circuit (350 V
setpoint) with original output voltage limiting.
11424-50
Figure 62. The tank current and output voltage response to a load
transient of short circuit to open circuit (350 V
setpoint) with improved output voltage limiting.
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350 V setpoint by 200 V, which is unacceptable. The output voltage limiting
circuitry at this time was a fixed level ( M550 V), optically coupled circuit
that phased the V/F converter back when the output voltage exceeded 550 V.
This circuitry was eliminated and a circuit (U16 and associated components of
Figure 38(a)) whose trip level is a function of the programmed setpoint was
added. The response of the output voltage to the same transient condition
after this change in the control circuitry was incorporated is shown in
Figure 62. The output voltage overshoots the 350 V setpoint by only 50 V with
this circuitry.
Figures 63, 64, 65, and 66 show typical responses to load transients of
short circuit to the operating point (500 V at 10 A), operating point (450 V at
18 A) to open circuit, open circuit to the operating point (500 V, 20 A), and
open circuit (500 V) to short circuit, respectively.
F. EFFICIENCY MEASUREMENTS
The efficiency of the inverter was measured under static conditions while
operating into a resistive load. The efficiency versus output power for loads
of 25 9 and 50 9 is shown in Figure 67. This figure shows that the efficiency
is almost constant for output powers above the 2-kW level. These curves
represent the efficiency of the main DC input-power bus to the output of the
inverter and the dr.ta from which they were drawn is given in Table 19.
Tables 20 and 21 list the power draw of the various drive and control
circuitry functions associated with the inverter for loads of 25 9 and 50 Sl,
respectively. These tables show that the power draw by these various functions
increases as the output power increases, except for the solid-state circuit
breaker and the -12 V control, which remain constant.
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11424-51
SWEEP - 500 pS/DIV
TANK CURRENT, 50A/DIV
OUTPUT VOLTAGE, 100V/DIV
r
TANK CURRENT, 50A/DIV
OUTPUT VOLTAGE, 1(nOV/DIV
6LACK ANDIWHITE P
PAGE
HOTOGRAPH
Figure 63. Tank current and output voltage response to a load
transient of short circuit to the operating point
(500 V at 10 A).
11424-52
SWEEP - 200 pS/DIV
Figure 64. Tank current and witput voltage response to a load
transient of the operating point (450 V at 18 A) to
open circuit.
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TANK CURRENT, 50A/DIV
OUTPUT CURRENT, 5A/DIV
OUTPUT VOLTAGE, 100V/DIV
SWEEP — 200 p S/DIV
CAPACITOR VOLTAGE, 1000 V/DIV
TANK CURRENT, 100A/DIV
ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPFI
11424-53
SWEEP — 200 µS/DIV
Figure 65. Tank current, output current, and output voltage
response to a loF.d transient of open circuit to
the operating point (500 V at 20 A).
11424-54
Figure 66. Tank current and resonant capacitor voltage response
to a load transient of open circuit (500 V) to short
circuit.
110
0
Q
O
J
2
O
N
O
J
0Ln
O •n 0 cn m
% /A3N31a13.13
n, ,
xW
O
CL
H
CL
OH
V
ZW
_U
LL
LL
W
cc
W
W
z
YIO
co
r.
X
t0 cr.
Oa
D
O
N
^.e
10
co0 co
7
0
w0
w
0
a
0
a
u
w
wW
^o
d
^o
w
co0
0N
N
r	 ^
O
111
aWHa
W
zH
O
NM ^D%D -.DW .7 .7 .-4 N-4 O-4 MS %0.4 h%D
O O O o p -^ •-+
py O` O, a, .
WW
3
N O --T M M N T -T .1 M NCn h ^D ^D 00 d -•^ 00 h 00 h ^D
-^ N M ^D h h Op O% -4 N
Oaa
3 00 o w h ^D rn O .D -+O N .--^ .--^ 00 .--^ ^Y ^T O t!1 00
%D Ln %.D C% M N O ON aN M QDO
9w ID r 00 00 a^ N M
Q, -T co %D --T %D %D 00 'T O M N
O O O O O^ OO W OO h %D
O o0 O N J Ln h h 00 m %D 00
rD H 1 + -4 -4 -4 -4 1-4 1-4 1-4
1.1
A
uq O O O O O Ln OLr) O O OOl - O V) O In O N V1 h O Ln 0
rl O N N M M ^T ^T ^7 0 M --T
U
w
w
W
C^ Lr) u, Vl V'1 Lf) u'1 Lr) v1 Ln O ON N N N N N N N N >n V7
a
qrr
O O N M h O\ O M .-+ a% M
00 00 00 O N N M N 00 N .T
h h ON .7 O M 00 00 00 V1 r+zH .-1 N M tr1 h h 00 a O N ^T
a •-4
d O O O O O O O O O T O
a^ rn oo h a0 rn oo a^ oo szH D O Ln 00 N h %.D M %D
H '-+ •-a N N M M -T 'T -+
r'
W V1 N 011 IT •-+ W V•1 N h Cl)
z V1 to V) M V1 V'1
H N N N N N N N N N N ND
U
z
WH
UHW
W
W
O\
W
r7
H
112
00 r` V1 r- In m O r- O rtI-1 ^ n ^ ^ Q` 4• O N d O tT
Aj 10 -4 -4 m in O .t r` 0 M .t0 1.0 O .-I --I N M M M M .t .7H '-4 .-I .4 -4 .-I -I --I -d 1-4 -d
^ n0 D .r N N N N N N N N N N
w --J 1-4 ..4 --I -4 r-1 -d -4 .-d -d
Aj INV. -4 O O O O O O O (^ O O OO	 I
e-1 n
O > 0^ t` ON -4 M V) -+ r` M as .t
w T %0 O O% O N N 00
1J N
rr	 4 O --t •-+ -t N N N N N N
U
a
u
>a v
U 3
u -H v M r- M M 00 O 00 10 .t N N
--I rn 7 aL CO) ON r\ --I 00 .Y N .4 r+ O% ON
$4	 ca b H Gl 11D V1 V1 In -4 7 .T .T .t M M
+J w rl •-1	 H N N N N N N N N N N N
0 A -i U rD
O O
U ^+ u]
b 3
c
0
0 a N
>	 >, In M %0 O O O r V1 Cl) .7 MOl ri	 CO) -4 S c!1 00 M --I M W M r^ w N
H 00 P4 O ^4 -a --I .-I -4 .-I -4 .-t
A a1	 to
z
i. N S O^ M N N N r, -4 %Q -^
y
tb "^ In C i --^11 00 C 1 ^p O^ M %01 r-
A v N -^r V1 V) V) %D %D
^-. 00 M r, co ON O O O O r^ •--I
y> J N M --i M ,D N N 00 rI .t
CIS	 H N r+ N V1 n O0 O O r+ -^
q v .-^ N N N N N M M M M M
ul O Cl) O Cl) 00 M %0 N V) %D
3 O N .-I O ON .t In O M N V1
.T %D V1 %,D 00 M .-+ O 00
w
00
w
N
w
0 --^ N M .T ^D r: 00 00 c O
a .4
N
O0 -H Q, V1 O O O 00 n M ON N In r^
A +J O ^ v1 O ON co 00 r- r+ ID O41 rl
O b w0 .7 00 O N M LA OO C: H .4 .-4 — .--I .r --I .-I .-4 N
OU
O O O O O O In O In O -+O O V1 O V1 O N In r- O --I0 r+ N N M M .7 .t .t .t V1 V)
.7
0
i
•1
F-1
Ua
H V1
U W
a>ow
04 1.4
E-4 a4
U 3
°a
-r
W
H
aA
to
00
H
u'1
N
y
w
wox
F
pq O
3 ^
^
a
O
A W
04 cnw 
O O0-4
z
o F^
N
w
raPA
H
•
113
N .4 .1 .4 M 0 Ln
LM .-+ O O %O M O
41 CO u1 ^7 N O n NO O O .-4
H .4 .-4 -4
H
O D N N N N N N N
L N
C ^+ O O O O O O O
O	 1
O > Ln M .r M Ln t- M
L lJ N
O + O
O .-1 w-^ .-^ r
U U
w j
v3
ca	 N1.1	 q1 ^ rl ^ t` M .-^ t\ n n
(n	 O .!L O ON n ^O M M MQ
O b w N ^O U1 v1 ul v1 v1 vlU H •rl rl	 w N N N N N N NU ^A
b 3 o
`"ro 04
w
•.
>4 7 ,t N
is 44	 U1 -,?
A Ai	 co	 0.
ca r1 m C^ o ..
vz
W Ln ON .7 MD ^T ^7 n IT %D
41	 jto ri V1 M N N ^O 00
tn A r-v -4 N M M -'T IT -7T
O1 J n rr M 7 ^D ^Otil	 7 ^T O M M t^ (!1 t+(A rl Nto	 1`+	 --^ U'1 O ^O O^ .-a M .7pQ Q -+ r -+ N N N
J: M O %O M N 00 (n
m 00 -zr tl h 00 00
w
.-1 f+ n M C\ w t-O04 .-+ N M M T
a^ 0 d 00 O N 00 00 ^ r^O •r( C\ 00 n %O W Ln
a. u
a+	 ,^ w0 .^ C i cn i+ 03 rnC '{^ H
O C
OU
O O^ GO O O if) O
w0 N M Cl) ^ ^ In
C4H
H
O
U
04
U .^.7
W
O W
a ^aH
O WU 3
O
A LL
A
^
^ z
H dda
A ^
xo
O
u'1
w
w
0
xq^H O
^ d
^i
O
AW 
w O
,'3 H
O H
a U
n
• Fy
N
Wa
wd
H
•
114
S: CTION 7
CONCLUSIONS AND RECOMMENDATIONS
r
i r	
Two types of new bipolar switching transistors (the Westinghouse D60T and
D7ST) have been characterized for use as switches in Series Resonant Inverters
and/or Converters. The D60T is approximately three times faster than the D7ST,
having a storage time in the range of 1.5 to 2.0 usec, as opposed to 5 to
6 usec for the D7ST.
1he base-drive requirements to optimize total device dissipation and
maximize operating frequency were determined by a parametric study of the base-
drive parameters. A base-drive circuit employing regenerative feedback, a
large amplitude leading-edge current-pulse, a large amplitude turn-off current-
pulse, and reverse base bias during the transistor off-time was developed to
provide these optimum base-drive requirements.
The suitability of the D60T to function as a switch in a series resonant
converter was demonstrated by the successful development and testing of a
10--kW, full-bridge series resonant converter. The unit achieved an electrical
efficiency of 91% at its full power level of 500 V and 20 A, and an efficiency
of 93.7% at a half power load of 500 V and 10 A.
There are no inherent problems that would prevent this 10-kW design from
being upgraded to a space-qualified status. The major effort to do this would
be in the areas of qualifying the D60T transistors, qualifying the series
resonant capacitors, and thermal-vacuum packaging of the entire unit.
Based on the performance of this 10-kW unit employing D60T transistors it
appears feasible to produce a 25-kW series resonant converter by use of the
D7ST transistor with its 2.5 times higher current rating. The longer storage
time of the D7ST may, however, cause some performance penalty in the area of
efficiency. Future work in the area of transistor development should be to
reduce the storage time and to provide better device packages. The inductance
of the base, collector, and emitter leads is a major problem with the present
packages because of the high current levels (hundreds 3f amps) involved.
r
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APPENDIX A
ADDITIONAL TRANSISTOR CHARACTERIZATION DATA
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